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First-principles calculations of carrier-doping effects in SrTiO3
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Carrier-doping effects on the structural phase transitions in SrTiO3 are investigated by the first-principles
calculations. It is found that the instabilities of the cubic phase to both the TiO6-octahedron rotated phase and
the ferroelectric phase are modulated characteristically by the electron doping and the hole doping. The results
of the calculations are consistent with a previous experiment in which carrier electrons were introduced by
impurity doping, and with another experiment where carriers were doped in SrTi18O3 by photo-irradiation. The
modulations of the instabilities are explained by a simple and intuitive mechanism.
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I. INTRODUCTION

Structural phase transitions in SrTiO3 attract a great dea
of attention due to their isotope effects.1,2 Experimentally,
the cubic phase structure is found at high temperatures, w
the TiO6-octahedron rotated phase is observed below 10
in SrTi16O3 and below 110 K in SrTi18O3 ~Fig. 1!. Judging
from the fact that the ferroelectric phase is not observed
SrTi16O3 but found only in SrTi18O3 below 23 K, it is in-
sisted that SrTi16O3 is a quantum paraelectric material3 in
which zero-point oscillation and tunneling effect of th
atomic nuclei prevent the ferroelectric phase from appea
even at 0 K. Barrett’s analytical formulation on the chara
teristic behavior of the dielectric constant also supports
hypothesis.3

Recently, Takesadaet al.2 suggested a possibility of th
photoinduced ferroelectric transition of SrTi16O3 from their
experiments. Since SrTi18O3 does not show this effect at al
the photoinduced ferroelectric transition is also thought to
concerned with the quantum effects of nuclei. A previo
impurity-doping experiment4 in SrTi16O3 showed suppres
sion of the ferroelectric instability by the doped electron
The different effects of carriers between the impuritydop
and the photodoping are also worth inquiring.

Looking from the practical point of view, the photoin
duced ferroelectric transitions in dielectric materials hav
wide range of applications. Dielectric thin films which a
applied in the electrical circuits on semiconductors can
developed as photoelectronic elements, for example. Ph
switched capacitors, devices, and memories would be de
oped in the future. The photoinduced ferroelectric transit
is theoretically interesting, too, because it suggests a po
bility of controlling the quantum fluctuation by an extern
perturbation.

In this paper, we investigate the carrier-doping effects
SrTiO3 by the first-principles calculations. The modulatio
of not only the ferroelectric instability but also th
TiO6-octahedron rotating instability by the doped carriers
simulated in agreement with experiments, except for
photodoping effect on the ferroelectric instability
SrTi16O3. The modulations of the instabilities are explain
by a simple and intuitive mechanism.
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II. METHOD OF CALCULATIONS

A. First-principles calculations

First-principles calculations based on the densi
functional theory ~DFT! and local-density approximation
~LDA ! is a powerful tool which has succeeded in describ
not only the structural stabilities but also the electronic a
mechanical properties of so many systems without depe
ing on any empirically determined parameters. Since C

FIG. 1. The cubic phase structure and the TiO6-octahedron ro-
tated structure are shown. The unit cell of the cubic phase is c
posed of five atoms, while that of the TiO6-octahedron rotated
phase consists of ten atoms.
©2003 The American Physical Society07-1



e
av
lcu
a

-
le

n,
th
an
he

he
ia
ne
os
o
u

te
e

th
ns
ed
le
fo

te

a

iza-

for
e-

an-

le-
der
.,
mic

-
st

fect
ng
a-
the
os-

uc-
n-

e
ion
It

-

e
pr

are

the
he
clei.

-

lity
aller

UCHIDA, TSUNEYUKI, AND SCHIMIZU PHYSICAL REVIEW B 68, 174107 ~2003!
hen’s advanced work,5,6 the electronic structures and th
structural phase transitions of many dielectric materials h
also been studied by the method of the first-principles ca
lations. The typical perovskite-type titanium oxides such
SrTiO3,7–10 BaTiO3,5,10–12and PbTiO3,5,6 have been inves
tigated especially vigorously. The problem of the doub
structural instabilities~the TiO6-octahedron rotation and
the ferroelectric displacement!7,8 and the quantum
paraelectricity9,10 in SrTiO3 attracts a great deal of attentio
which has also been studied successfully with the aid of
first-principles calculations. We can expect the accuracy
reliability of the results of our calculations in the study of t
carrier-doping effects on the structural phase transitions
SrTiO3.

In this work, the exchange-correlation energy of t
PZ81-type13 and the Vanderbilt’s ultrasoft pseudopotent
method14 were adopted. The cutoff energy of the pla
waves to expand the one-electron wave functions was ch
at 49 Ry. 125 reduciblek points were sampled in order t
reproduce the experimental lattice constant and the b
modulus of the cubic phase within very small error~Table I!.
We also succeeded in reproducing the structural parame
of the TiO6-octahedron rotated phase at the energy of doz
of meV lower than the cubic phase~Table II!.

For calculating the photo-carrier~electron-hole pair!-
doped states, we performed an irregular way of filling up
Kohn-Sham orbitals, i.e., the one-electron wave functio
the top of the valence band was left empty by a fix
amount, while the bottom of the conduction band was fil
by the same amount of electrons through the iterations
obtaining the self-consistent field. Previous calculations,17,18

which succeeded in describing the experimentally predic
photoexcited electronic states~excitons! in insulators support
the validity of adopting formally the same density function

TABLE I. The lattice constant and the bulk modulus of th
cubic-phase structure are shown. The first-principles calculat
can reproduce the experimental results within very small error.
known that the difference of the lattice constant between SrTi16O3

and SrTi18O3 is exceedingly small~within the range of the experi
mental error!.1

Experiment This work

Lattice constant 7.394 a.u.a 7.342 a.u. (20.7%)
Bulk modulus 183 GPab 19 4GPa (16%)

aReference 15.
bReference 16.

TABLE II. The lattice and structure parameter of th
TiO6-octahedron rotated phase is shown. Our calculation re
duces the results of experiments at least qualitatively.

a* 5b* c* /a* Rotation

Experimenta 0.9944 ;1 2.1°
This work 0.9988a ;1 8.4°

aReference 15.
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as that for the nonexcited electronic states. No spin polar
tion was assumed in our calculations.

B. Evaluation of the instabilities

The adiabatic energy potential surfaces of the system
the TiO6-octahedron rotation and the ferroelectric displac
ment ~schematically represented byd) with respect to the
cubic phase structure are drawn without considering qu
tum effects of nuclei explicitly~Fig. 2!. Reflecting the ener-
getic instability of the cubic phase structure, the doub
minimum-type potential is obtained. The deeper and wi
the double-minimum potential is, the larger instability, i.e
the higher phase-transition temperature and the larger ato
displacements, is expected. As SrTiO3 is a quantum paraelec
tric material, the zero-point oscillation energy of nuclei mu
be evaluated in order to take account of the quantum ef
of nuclei which tends to prevent the system from bei
trapped at the potential minimum. In the following calcul
tions, however, the deeper potential is always wider than
shallower one, being accompanied by smaller zero-point
cillation energy. Therefore, the relative strength of the str
tural instabilities between two potentials is qualitatively i

s
is

o-

FIG. 2. Upper: The adiabatic potential energy surfaces
drawn without considering the quantum effects of nuclei.d means
the schematic atomic displacement, i.e., the rotation of
TiO6-octahedron or the ferroelectric displacement. Lower: T
ground states are drawn to evaluate the quantum effects of nu
The ferroelectric instability in SrTi16O3 is extinguished when con
sidering the quantum effect~quantum paraelectric state!. The deeper
and the wider the double-minimum potential is, the larger instabi
is expected due to the higher potential barriers and the sm
zero-point energy of the atomic oscillations.
7-2
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variant even if the quantum effect of nuclei is consider
Such being the case, we can solve the problem of the car
doping dependence of the structural instabilities without c
sidering the quantum effect of nuclei explicitly in the follow
ing arguments.

III. RESULTS AND DISCUSSIONS

The doped-carrier density in experiments is at m
;0.001 carriers/unit cell. We confirmed that the variation
the lattice constant by them is exceedingly small, which
fect neither the TiO6-octahedron rotating instability nor th
ferroelectric instability. In the following calculations, the ce
parameters were fixed at the experimental value of the c
phase,a57.394 a.u. The degrees of the TiO6-octahedron ro-
tation and the ferroelectric displacement are represente
the displacement of an O atom divided bya ~see Fig. 3 and
Fig. 7!.

A. Carrier-doping effects on the TiO6-octahedron rotation

The calculated electron-doping effect and the hole-dop
effect on the TiO6-octahedron rotating instability are show
in Fig. 3. As is already explained, the wider and the dee
the double-minimum potential is, the larger instability is e
pected. The electron doping gives rise to the increase of
TiO6-octahedron rotating instability, bringing about th
larger rotation angle and the higher phase-transition temp
ture than the undoped case. On the contrary, the hole do
leads to the suppression of this instability, resulting in
smaller rotation angle and the lower phase-transition te
perature.

FIG. 3. The carrier-doping effect on the TiO6-octahedron rotat-
ing instability is presented. The doped electrons lead to the incr
of the TiO6-octahedron rotating instability, while the doped hol
bring about the decrease of the instability. The lattice constan
fixed at the experimental value.
17410
.
r-
-

t
f
f-

ic

by

g

r
-
he

ra-
ng
e
-

A previous impurity-doping experiment4 showed that the
doped electrons do not affect the TiO6-octahedron rotating
instability. We confirmed that the low-density doping as t
experiment (<0.001 electrons/10-atoms cell! brings about
an effect too small to be observed experimentally, wh
means that our calculation is consistent with the experim

The concept of ‘‘tolerance factor’’ ~Ref. 19! is useful for
understanding the TiO6-octahedron rotation. The toleranc
factor of a perovskite compoundABO3, t, is defined as the
ratio of the intrinsic sizes of theAO squarea and theBO2
squarea8:

t5
a

a8
5

r A1r O

A2~r B1r O!
. ~1!

r A , r B , andr O are ionic radii of each ion~see Fig. 4!. The
strong correlation between theBO6-octahedron rotating in-
stability and the tolerance factor has been confirmed as
series of ABO3’s:20 the smaller the tolerance factor is, th
larger the rotating instability is.

The fact that TiO2 square is larger than the SrO squa
~i.e., t is smaller than 1! is the origin of the rotation of the
TiO6-octahedron in SrTiO3. In order to fit the large TiO2
square in the small SrO square, the TiO6-octahedron rotates
around thec axis. The variation of the tolerance factor mea
that of the ratio of the square sizes and brings about
modulation of the TiO6-octahedron rotating instability.

The carrier doping gives rise to the variation of the ion
radii and that of the tolerance factor, leading to the modu
tion of the TiO6-octahedron rotating instability according t
the argument above. To know the carrier-doping effects
the ionic radii, the analysis of the top of the valence band a
the bottom of the conduction band on the component is
sential. As shown in Fig. 5, the bottom of the conducti
band of SrTiO3 is composed of Ti-3d orbitals, while the top
of the valence band consists of O-2p orbitals. The doped
electrons accommodated in the Ti-3d orbitals increase the

se

is

FIG. 4. The origin of theBO6-octahedron rotating instability is
explained. The disagreement between the sizes of theAO square~a!
and that of theBO2-squarea8 is the origin of the rotation. In order
to fit the largeBO2 square (a8) in the smallAO square (a), the
BO6-octahedron rotates around thec axis. The expansion of the
BO2 square~white arrows! will bring about larger rotation of the
BO6 octahedron.a5A2(r A1r O) and a852(r B1r O), where r A ,
r B , andr O are ionic radii of each ion.
7-3
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electron clouds around the Ti atom, expanding the radiu
the Ti ion. The larger radius of the Ti ion leads to the sma
tolerance factor, and therefore to the promotion of
TiO6-octahedron rotating instability.

On the other hand, the doped holes captured at the Op
orbitals lead to the decreased electron clouds around th
atoms, and therefore to the shrunk radius of the O ion. A

t5
r Sr1r O

A2~r Ti1r O!
5

1

A2
S 11

r Sr2r Ti

r Ti1r O
D ~2!

and (r Sr2r Ti) is positive, the smallerr O results in the larger
tolerance factor, and therefore in the suppression of
TiO6-octahedron rotating instability.

We explained the promotion and suppression of
TiO6-octahedron rotating instability by the expansion and
shrinking of the radii of the ions by the electron doping a
the hole doping, respectively.

The systems doped with electron-hole pairs were also
culated in order to investigate the photocarriers doping ef
on the TiO6-octahedron rotating instability~Fig. 6!. As we
expected, the result can be interpreted as the superpositi
the effects of the doped electrons and the doped holes, w
means that the explanation by the variation of the ionic ra
is also applicable to the case of the electron-hole-pair d
ing, and that the suppression of the TiO6-octahedron rotating
instability by the doped holes exceeds the promotion of
instability by the same amount of doped electrons.

B. Carrier-doping effects on the ferroelectric instability

The electron-doping effect and the hole-doping effect
the ferroelectric instability are shown in Figs. 7 and 8,

FIG. 5. The band structure and the density of states of the c
phase of SrTiO3 is shown. SrTiO3 is a insulator with a band gap
width of 1.89 eV~smaller than the experimental value of 3.2 e
because of LDA!. The top of the valence band is composed of O:p
orbitals, while the bottom of the conduction band consists of Ti:d
orbitals. Sr:5s band is located at higher energy than these ban
The electron doping and the hole doping are not directly relate
Sr:5s orbitals.
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spectively. Contrary to the carrier-doping effect on t
TiO6-octahedron rotating instability, not only the hole dopin
but also the electron doping give rise to the suppression
the ferroelectric instability. The variation of the ionic rad
cannot explain this tendency. The carrier-doping effects
the ferroelectric instability can be explained by consider
another side of the variation of the ionic-valence numb
i.e., the gain and loss of the electric charges of the Ti ion a

ic

s.
to

FIG. 6. The electron-hole-pair doping effect on th
TiO6-octahedron rotating instability is shown. The result can
interpreted as the superposition of the effects of the doped elect
and the doped holes. The suppression of the TiO6-octahedron rotat-
ing instability by the doped holes exceeds the promotion of
instability by the same amount of doped electrons. The lattice c
stant is fixed at the experimental value. The meaning of thex axis is
the same as that of Fig. 3.

FIG. 7. The electron-doping effect on the ferroelectric instabil
is drawn. The doped electrons give rise to the suppression of
ferroelectric instability. The lattice constant is fixed at the expe
mental value.
7-4
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FIRST-PRINCIPLES CALCULATIONS OF CARRIER- . . . PHYSICAL REVIEW B 68, 174107 ~2003!
the O ion. The variation of the electric charges of the ions
not so important in the TiO6-octahedron rotation because it
not accompanied by electric polarizations, while the fer
electric instability is substantially affected by them due to
fact that the ferroelectric phase is essentially the coopera
phenomenon, stabilized by the long-range Coulomb inte
tions among the electric dipole moments spontaneously
pearing in each cell. As is already explained, the doped e
trons are captured at the Ti ions, reducing the posit
electric charge of the ions: Ti41→Ti(42a)1, while the doped
holes are accommodated at the O ions, diminishing the n
tive electric charge of the ions: O22→O(22b)2. Smaller
electric charges lead to smaller electric dipole mome
when displaced by the same distance, giving rise to sma
energy gain by Coulomb interactions among them, and th
fore to the suppression of the ferroelectric instability.

The impurity-doping experiment4 showed that the dope
electrons suppress the ferroelectric instability. Our res
and explanation are consistent with this experiment. Co
pared with the effect of the doped carriers on t
TiO6-octahedron rotating instability, even much smal
amount of carriers seem to be effective enough to modu
the instability. The energy scale of the ferroelectric instabi
smaller than that of the TiO6-octahedron rotating instability
might explain this difference. The electrons captured at th
ion or the Sr ion, or the holes taken in at the Ti ion or the
ion would come to quite different results. Here again,
analysis on the component of the top of the valence band
the bottom of the conduction band is important in und
standing the carrier-doping effects.

We also performed the calculations on the electron-ho
pair doping effect on the ferroelectric instability~Fig. 9!. The
doped electron-hole pairs suppress the ferroelectric insta
ity, as is expected from the variations of the electric char
of the ions. The result is also understandable as the supe
sition of the electron-doping effect and the hole-doping

FIG. 8. The hole-doping effect on the ferroelectric instability
presented. Similar to the electron-doping case, the doped holes
rise to the suppression of the ferroelectric instability. The latt
constant is fixed at the experimental value. The meaning of thx
axis is the same as that of Fig. 7.
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fect. The photocarrier doping experiment in SrTi18O3 ~Ref.
2! is consistent with our result.

On the other hand, the present result cannot explain
enhancement of the ferroelectric instability in SrTi16O3 by
the photocarriers.2 Our failure might be concerned with th
localized phenomena of carriers which are not treated in
work. For example, a self-trapped exciton in SrTiO3, which
is suggested by another experiment,21 might act as a kerne
of the ferroelectric instability22 through the Jahn-Teller ef
fect. It should be mentioned that, in any case, we have
deal with the quantum effect of nuclei precisely to und
stand the large difference between SrTi16O3 and SrTi18O3.

IV. CONCLUSION

The carrier-doping effects in SrTiO3 were examined by
first-principles calculations and explained by the simple a
intuitive mechanisms. Both aspects of the variation of
ionic-valence number, i.e., the change of the ionic radius
the electric charge, are important in the modulation of
TiO6-octahedron rotating instability and the ferroelectric i
stability, respectively. The analysis of the top of the valen
band and the bottom of the conduction band on the atom
orbital component helps us to understand the carrier-dop
effects on the ionic-valence numbers. The results of our
culations are summarized in Table III.

We found that the rotation of the TiO6-octahedron is pro-
moted by doping electrons, while the hole-doping suppres
the rotation. The rotation of the TiO6 octahedron is induced
by the size disagreement between the TiO2 square and the
SrO-square. The opposite results of the doping effects
tween the electron doping and the hole doping is explai
by considering the expansion and the shrinking of the ra
of the Ti ion and the O ion, and therefore the variation of t
ratio of the sizes of the SrO square and the TiO2 square
brought about by them. We pointed out that the modulat

ive
e

FIG. 9. The electron-hole-pair doping effect on the ferroelec
instability is presented. The result can be interpreted as the su
position of the effects of doped electrons and doped holes.
suppression of the ferroelectric instability by the doped electr
hole pairs is expected, which accounts for the experiment
SrTi18O3. The meaning of thex axis is the same as that of Fig. 7
7-5
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TABLE III. The results of our calculations are summarized. The carrier-doping effects on both the instabilities are simulated in ag
with experiments, except for the electron-hole-pair doping effect on the ferroelectric instability in SrTi16O3. The modulations of the
instabilities by the carrier doping are explained by a simple and intuitive mechanism.

Rotation Ferroelectricity

Electron Doping Promotion Suppression Consistent with experiments.
Hole Doping Suppression Suppression Theoretical prediction.
Electron-Hole-Pair Doping Suppression Suppression Consistent with experiments except fo

the effect on the ferroelectricity in SrTi16O3.

Mechanism Radii of ions Electric charges of ions
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Rev.
of the TiO6-octahedron rotating instability is, however, to
small to be experimentally observed when doped by<0.001
electrons/10-atoms cell, which is consistent with the pre
ous experiment.

On the other hand, ferroelectric instability of the system
suppressed by both kinds of carrier doping. The ferroelec
phase is stabilized by the cooperative interactions among
electric-dipole moments appearing in each cell. In order
realize the mechanism of the suppressions, consideratio
the variation of the electric charges of the ions is essen
The reduced electric-charges by the doped carriers lea
the diminished electric-dipole moments and therefore the
creased energy gain by the long-range Coulomb interact
among them, resulting in the suppression of the ferroelec
instability.

For both the instabilities, the calculated electron-hole-p
doping effect on the instabilities are understandable as
superposition of the effect of the only-electron doping a
that of the hole-doping alone. Due to the fact that no ho
doping experiments have been performed yet, our calc
tions on the hole-doping effects are the first theoretical p
dictions as far as we know.

The previous impurity-doping experiment4 showing the
reduction of the ferroelectric instability by the doped ele
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